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Ears have evolved in parallel in
vertebrates since a common
divergence 300 million years ago. In
birds, reptiles and amphibia, the
hearing organ is strictly referred to
as a papilla. The cochlea is the
hearing organ of mammals and
consists of a coiled cavity within the
temporal bone on either side of the
head. It contains the structures that
separate the components of a
complex sound by frequency and
intensity. The cochlea acts as the
sensory organ for the auditory
system, signalling the information
along the auditory nerve to the
central nervous system.
Hearing organs in different
species differ in the range of sound
frequencies to which they can
respond. The sensory cell on which
all designs rely is the hair cell: a
polarized neuroepithelial cell with
sensory transduction channels at the
apical end and the primary sensory
synapse at the basal end (Figure 1).
The hair cell gets its name from the
100 or so actin-containing giant
microvilli or ‘stereocilia’ that
project from the apical membrane
surface. Sounds entering the fluid-
filled cochlea cause deflection of the
hair cell stereocilla that lead to
signals being sent to the central
nervous system. 
Mechanoelectrical transduction
Electron microscopy of hair cells
shows a fine extracellular filament,
possibly consisting of two or three
helically twisted proteins, that run
from the tip of each stereocilia to the
neighbouring row. This is made
possible by the stepped pattern of
the stereocillial bundle. The
filaments are orientated such that
when the bundle is pushed towards
the basal body, they will be
tensioned. This system of ‘tip links’
is thought to connect to mechano-
sensitive channels in the stereocilia
so that the energy stored in the link
tension can serve to gate the channels
directly. The channels have so far
resisted molecular identification, but
probably lie in small clusters at both
ends of the tip link. 
Transducer adaptation
Hair cell mechanotransduction
seems elaborate at first but allows
fast channel gating without the
involvement of second messenger
cascades, as found in photoreceptors
or olfactory cells. This design
provides hair cells with sensitivity to
nanometre deflections of their
stereocilial tips, generated by the
levels of sound energy that stimulate
the cochlea. Maintaining the tension
of the tip links requires interaction
between myosin at the end of the
link and actin in the core of
stereocilia. Such optimal resetting of
the sensitivity is known as
transducer adaptation. 
Frequency selectivity
A biologically important sound can
contain many different frequency
components and hearing organs are
designed to extract information
selectively about frequencies.
Although the basic design of hair cell
mechanoelectrical transduction is
conserved across species, it is clear
that different mechanisms of
frequency selectivity have evolved.
The basic construction of the cochlea
or papilla is such that each sound
frequency is encoded into a neural
signal at a unique place in the
structure. In the cochlea, such
tonotopic mapping persists all the
way up the auditory pathway. The
hair cells only signal information to
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Figure 1
Hair cell specialisation. Transduction at the
stereocilial tips allows entry of potassium. 
(a) Micromechanical stereocilial resonance
(found e.g. in lizards). (b) Basolateral
membrane electrical resonance, found in
frogs and turtles. (c) Mammalian
specialisation with division into inner hair cell
(IHC) and outer hair cell (OHC). Assemblies
of about 300 OHCs provide mechanical
forces, indicated by the white arrow, acting
within the cochlear partition.
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their associated afferent nerves about
a narrow frequency band. 
One mechanism of frequency
selectivity, found in some lizards, is
to use long stereocilla of the hair
cells as free-standing mechanically
resonant structures. Such hair cells
only respond if the sound frequency
is appropriate. 
A second mechanism found in
both amphibians and reptiles
involves using each hair cell as an
electrical resonant filter. In this way
the current gated periodically
through the mechanotransducer
channels only produces a large
enough receptor potential to
release neurotransmitter if the
frequency of the stimulus is matched
to the electrical resonant frequency
of the cell. These hair cells use
feedback between calcium-activated
potassium channels and calcium
currents in the basolateral membrane
of the cell. To obtain a range of
tuned frequencies, both the density
and potassium channel type vary
along the length of the papilla.
Although this mechanism is elegant,
it can only be used to transduce
sounds of less than 1 kHz.
The mammal
The human hearing range extends
up to 20 kHz and for many mammals
hearing at 50 kHz is possible. The
mammalian cochlea relies on its
architecture and a mechanical
amplification process to separate
frequencies accurately. The cochlea
is a fluid-filled tube, divided into
two major compartments (Figure 2)
by an acellular membrane of
collagen fibres, the basilar
membrane. Sound transmitted
through the middle ear into the
cochlea vibrates the basilar
membrane and its overlying
structures, collectively known as
the cochlear partition. In non-
mammalian hearing organs, the
duct is not coiled. In mammals, the
coiling aids packing of the organ
but does not significantly modify
its physics. 
The basilar membrane can be
thought of as a membrane that
propagates a frequency-dependent
ripple like that which forms on the
surface of a pond when a stone is
dropped into it. The mechanically
graded stiffness and mass of the
basilar membrane ensures that it
vibrates maximally at restricted
places depending on the sound
frequency. The design of the basilar
membrane and the overlying
epithelium containing the hair cells
(the organ of Corti) ensures that the
membrane and the hair cell
stereocilia are coupled. Thus, each
sound frequency will only stimulate
a small number of hair cells. 
The cochlear partition
The organ of Corti contains two
morphologically distinct hair cell
types: the inner and outer hair cells
(IHCs and OHCs, respectively).
The whole epithelium rides on the
basilar membrane but its apical
surface, from which project the hair
cell stereocilia, faces into a third
internal compartment of the cochlear
duct, known as the scala media
(Figure 2). This compartment
contains endolymph, a solution
whose composition resembles that of
the intracellular fluid. Endolymph
composition is maintained by a
transport epithelium (stria vascularis;
Figure 2), which actively extrudes
potassium. This epithelium is highly
vascularized and metabolically
active. It also serves to maintain a
positive potential of +80 mV within
the scala media. The properties of
the scala media appear to reduce
metabolic demands on individual
hair cells and, at the same time,
maximize the receptor potential in
these cells by increasing the
potassium flux through the
mechanoelectrical transduction
channels. Mutations that affect
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Figure 2
Structure of the mammalian cochlea. (a) A cross-section through
one turn of the cochlear coil showing the cochlea duct, basilar
membrane and scala media. (Reproduced with permission from
Bloom and Fawcett, 1975.) (b) The organ of Corti is organized so
that hair cells are both stimulated by a shear motion of their
stereocilia and also allow outer hair cells to direct somatic forces
against the motion of the basilar membrane. DC, Deiters’ cells; H,
Hensen’s cells.
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strial channels (for example
KCNQ1 and IsK) and drugs that
affect the stria vascularis (such as
furosemide) disrupt cochlea
homeostasis, cause hair cell loss and
thus deafness. Any loss of hair cells
from the mature cochlea is
permanent as there appears to be no
regeneration in this organ. 
Supporting cells
As well as hair cells, the organ of
Corti contains more than five
morphologically distinct types of
supporting cell, but their
physiological roles are far from clear.
Some are undoubtedly involved in
neurotransmitter uptake around the
synaptic poles of the hair cells.
Deiters’ cells, Hensen’s cells and
Claudius’ cells are subtypes that are
extensively coupled by gap junctions
and such coupling provides a
possible return pathway to the
endolymph for potassium ions
passing through the hair cells. It is
worth noting that mutations in the
gene encoding the gap junction
protein Cx26 are responsible for over
20% of hereditary deafnesses in the
Caucasian population.
Two types of hair cell
Both the IHCs and OHCs transduce
displacements of stereocilia, but
neither exhibits any significant
electrical resonant properties. IHCs
are the primary sensory cells. Each
is innervated by approximately 10
auditory nerve fibres, the dendrites
of the spiral ganglion cells. In
contrast, OHCs act like fast motor
cells. The positive feedback force
that OHCs provide modifies the
mechanics of the basilar membrane.
These forces compensate for the
viscous forces exerted by the
surrounding fluid and other cells of
the cochlear partition. Modelling
studies suggest that the OHC
feedback force cancels these
viscous and dissipative forces and
leads to a 100-fold increase in the
sensitivity of the cochlea by
enhancing resonance responses
along the partition. 
Although IHCs vary little in
their electrophysiology along the
cochlea, OHCs do vary
systematically with position. OHCs
at the cochlear base are
approximately one quarter the
length of cells at the cochlear apex
and express higher densities of
potassium channels. The major
potassium channel in the more
basal OHCs has recently been
shown to be related to KCNQ4,
whose role includes circulating
potassium through the cell while
maintaining a large negative
potential in the cell. Mutations in
this channel are now known to
result in deafness.
As with all positive feedback
systems, the magnitude of the OHC
force must be regulated to prevent
the system going into spontaneous
self-oscillation. Control may be
achieved through an efferent
cholinergic pathway from the brain
stem to the OHCs. The cells
express an acetylcholine receptor,
alpha9. Activation of alpha9
hyperpolarizes the OHCs and
possibly reduces the magnitude of
the receptor potentials and, hence,
the feedback force.
Reverse transduction by OHCs
OHCs amplify the mechanical
activity of the basilar membrane
and increase the cochlea’s
sensitivity to sound. In lower
vertebrates, the stereocilia
themselves produce a feedback
force, but it is unclear whether this
would work at mammalian acoustic
frequencies. An alternative
mechanism has evolved. When
stimulated, the potential changes in
the OHCs produce forces along the
cell axes at frequencies up to at
least 25 kHz. This has been termed
‘electromotility’. The basolateral
membrane of the OHCs contains an
exceptionally high density of
particles about 8–10 nm in diameter.
They occupy over 40% of the
membrane area, and as yet remain
unidentified. The particles are
integral membrane proteins that act
as a ‘motor’, extracting the energy
from the electrical field to generate
lateral forces in the plane of the
basolateral membrane. The tight
packing of this motor ensures that
molecular conformational changes
generate a force along the
longitudinal OHC axis. 
The candidates for the OHC
motor include a variety of
transporter molecules that exhibit a
large dipole moment, but the motor
is unlikely to be a modified ion
channel, as they are just too
sluggish for this purpose. What the
mammalian OHCs appear to have
achieved is the expression of a
protein that can be used in a
novel way. 
Hearing organs use hair cells to
sense sound and, in a variety of
different ways, to filter out sound
frequencies using resonant
responses. At present, we are only
just beginning to tease apart the
underlying mechanisms. 
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